Frictional force microscopy (FFM) was applied to the detection of frictional asymmetry due to molecular tilt, and anisotropy at various atom-flat surfaces of ionic crystals. Less tilted S=O bonds at CaSO4(100) face and more tilted C=O bonds at (10-14) face of calcite gave contrasting results of asymmetry, which are explained by describing the bonds as mass-spring systems. Frictional anisotropy arises from different periodicity of atoms depending upon the scan directions of the probe. Alkali halide surfaces showed anisotropy due to arrangement of electric charges. Surface geometry also causes anisotropy at corrugated CaSO4(001), etc. Adsorbed water can reduce or enhance friction depending upon the relative humidity and the nature of the surfaces.
INTRODUCTION
Frictional force microscopy (FFM) gives us possibility of interpreting friction in the atomic level. In order to pursue the possibility, we need to apply the technique to various welldefined and nearly atom-flat surfaces. Two important features of friction are anisotropy and asymmetry.
Frictional anisotropy has been studied with alkali halide single crystal surfaces using scratch testers. Lower friction is expected when the stylus scans along the [110] direction rather than the [100] direction in Fig.1 . However, experimental results varied depending on the materials, probably because bulk mechanical properties intermix with the surface properties [1] [2] [3] . Measurements in nano-scale with much smaller load are required to study intrinsic surface properties.
We compared with FFM, the frictional coefficients in the two directions at (001) surfaces of various rock salt-type Lower friction is expected along [110] .
crystals [4] . We also studied the anisotropy caused by geometry of the surface using corrugated CaSO4(001) surface [5] . Concerning frictional asymmetry, Overney et al. first pointed out the possibility of determining molecular tilt directions with FFM [6] . However, detailed analysis of a monolayer of long lipid molecules placed a serious doubt against the possibility [7] . We tried to make the point clear using well-defined surfaces having tilted and strong chemical bonds, namely, CaSO4(100) [8, 9] and CaCO3(10-14) [10] .
Effect of adsorbed water upon friction is another important question. We also studied humidity dependence of friction with various single crystal surfaces.
EXPERIMENTAL
NanoScope III AFM/FFM of Digital Instruments was used with commercially available oxide-sharpened silicon nitride cantilevers. Friction measurements were performed in air under controlled humidity. Frictional coefficients were calculated from the tortion signals of the cantilever, its design parameters, and the geometry of the optical detection system of the FFM apparatus [4] . Figure 2 shows an AFM height image and FFM images recorded with opposite scan directions at CaSO4(100) surface [8] . Frictional contrast changed markedly at the height gaps of 1 or 3 ionic layers (numbers given in the height image), where S=O tilt direction is reversed.
RESULTS AND DISCUSSION

Frictional Asymmetry
The result is interpreted as shown in Fig.3(a) . Being pressed from above by the FFM probe, less tilted S=O bonds pushes it back nearly along the S=O bond direction. The horizontal component of the total reactive force enhances or reduces the frictional force depending upon the scan direction.
When the friction was measured at the calcite surface, having more tilted C=O bonds as in Fig.3(b) , opposite results were obtained [10] . The reactive force, nearly in tangential September 12-16, 2005, Washington, D.C., USA 
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Fig.2 AFM height image and FFM images in two directions at CaSO4(100) surface (6.3 µm square) [8] . Fig.3 Mechanical models of interaction between the FFM probe and tilted chemical bonds approximated as mass-spring systems (a, b) and a 2D molecular layer (c) [10] . Fig.4 Frictional coefficients measured in two direction at (001) surfaces of rock salt-type crystals plotted against the ratio of anion/cation radii [4] . direction, pushes the probe horizontally to the opposite direction. The situation is the same with the cases of long-chain molecular assembly where only intermolecular repulsion can bear the normal load applied by the probe.
The azimuthal dependence of the frictional asymmetry was just as expected both in the cases of CaSO4 and CaCO3. We can rely upon FFM in determining tilt directions of chemical bonds.
Frictional Anisotropy
Frictional coefficients measured at various alkali halide surfaces at the humidity of 25% are plotted in Fig.4[4] . In all the cases, lower friction is obtained along the [110] direction as expected. The results were semi-quantitatively explained by the gradients of electrostatic interaction potentials between the probe and the surface.
In some cases, frictional anisotropy originates from surface geometry. For example, CaSO4(001) surface has a ridge-andvalley structure. The friction was lower when the probe was scanned along the ridges [5] . The anisotropy was roughly explained by counting numbers of oxygen atoms interacting with the probe surface. Similar anisotropy was observed at the (10-14) surface of calcite [10] .
Effects of Adsorbed Water upon Friction
Of the alkali halide surfaces studied, more water-soluble materials, such as NaCl and NaF, are strongly affected by the relative humidity. Friction along either direction was reduced toward higher humidity up to 75%, and the anisotropy was gradually lost [4] . Water acts as a lubricant. However, at some surfaces such as K4Nb6O17·3H2O(010), higher friction was observed toward higher humidity [5, 11] . If the surface is only partially wet, water patches can drag the probe. 
